Four seronegative adult boars were intranasally inoculated with porcine reproductive and respiratory syndrome virus (PRRSV) isolate VR-2332. Serum and semen were collected 2-3 times weekly for over 100 days postinoculation (DPI). Serum samples were assayed for PRRSV by virus isolation (VI) and a polymerase chain reaction (PCR) and screened for antibodies to PRRSV using the indirect fluorescent antibody (IFA) and virus neutralization (VN) tests. Semen was assayed for PRRSV RNA by PCR. Virus or viral RNA was detected in the serum of all boars within 1 DPI by VI and/or PCR. However, VI results indicated that viremia was transient and occurred from 1 to 9 DPI. Viral RNA was detected in serum from 1 to 31 DPI. In the acute stage of the infection, PRRSV RNA was detected in serum by PCR prior to the presence of viral RNA in semen. The PRRSV RNA was detected in semen as early as 3 DPI and persisted for 25 DPI in 2 of the boars and 56 and 92 DPI in the remaining 2 boars. Detection of PRRSV RNA in semen occurred 2-8 and 28-35 days prior to the detection of antibodies by IFA and VN, respectively. PRRSV was isolated from the bulbourethral gland of the boar that shed viral RNA in semen for 92 DPI. These results suggest that PRRSV RNA can be detected by PCR in boar serum and semen, and may persist for variable periods of time. Viremia and the serologic status of the boar are not adequate indicators of when PRRSV or PRRSV RNA is being shed in the semen. Preliminary findings also indicated that neither shipping stress nor reinoculation with homologous PRRSV resulted in viremia or viral RNA shedding in semen.
Porcine reproductive and respiratory syndrome (PRRS) is an important disease in swine and occurs throughout the world. 8, 13 The syndrome was first recognized in 1987 and is clinically characterized by poor conception rates, late-term abortions and stillborn and weak pigs from sows of reproductive age. Respiratory distress, fever, lethargy, and high mortality can occur in suckling, weaned, and grow-finish pigs. 8, 12, 16, 24 The etiologic agent of this disease was first described in 1991 and was identified as a single-stranded RNA virus, currently classified as an arterivirus. 2, 24 Although the primary route of PRRS virus (PRRSV) transmission may be through airborne spread, 13 recent investigations in the United Kingdom 12 and the United States 18, 26 have indicated that infected boars can transmit PRRSV in semen. This information has heightened concern in the world swine industry, which is becoming more reliant on artificial insemination as a means to introduce new genetic information into "high health" status herds. There are also trade restrictions on the importation of semen from countries with PRRSV. 18 The contamination rate of semen and boars with PRRSV in the US and Europe is unknown. A polymerase chain reaction (PCR) assay using primers to open reading frame (ORF) 7 of the VR-2332 isolate has recently been developed to detect the PRRSV RNA in semen, and it was found to be more sensitive than virus isolation (VI). 5 PCR results were more rapid to obtain and correlated well with a "swine bioassay." 5, 18 The objectives of this research were to determine if PRRSV and/or PRRSV RNA persists in serum and/ or semen of boars for extended periods of time. A correlation was also to be determined between the serologic status of boars and duration of viremia with the length of time boars shed the PRRSV RNA in semen. A stress test and reinoculation experiment were also conducted to determine whether viremia and shedding of PRRSV RNA in semen would recur. Whereas the appearance of PRRSV RNA in the serum precedes detection of viral RNA in semen, it was found that in 3 of 4 boars, the viral RNA persisted in semen for a longer period of time than in serum. Also, the serologic status of the boar was not an adequate indicator of when PRRSV RNA was being shed in semen. In addition, preliminary findings indicated that stress or reinoculation with PRRSV did not cause a recurrence of viremia or shedding of viral RNA in semen.
Materials and methods
Animals and initial challenge. Four PRRSV-seronegative adult boars were housed individually in separate isolation rooms. Semen collection was performed in a separate room using the "gloved hand technique." 10 Boars were inoculated with 1 ml per naris of the VR-2332 PRRSV isolate ( 10 6 fluorescent focus-forming units/ml). Semen was collected 3 times per week through 84 days postinoculation (DPI) and twice weekly from 87 through 105 DPI. Serum samples were obtained on the same day as the semen.
Virus isolation (VI) from tissues and serum. VI of PRRSV from tissues and serum was performed as previously described, 17 except MARC-145 cells 9 were used for propagation and 2% horse serum was utilized in the replacement media. If cytopathic effects (CPE) were observed, the presence of virus was confirmed by a direct fluorescent antibody technique using the SDOW17 monoclonal antibody. 15 Indirect fluorescent antibody (IFA) and virus neutralization (VN) tests. The IFA and VN tests were performed as previously described. 14 Serum was considered to contain antibody if the IFA and VN titers were greater than or equal to 1:20 and 15, respectively.
Swine bioassay. The swine bioassay for the detection of PRRSV in semen has been previously described. 18 Briefly, one 4-to-8-wk-old pig was inoculated intraperitoneally with a 13-15ml sample of semen from a single collection. Pigs were then monitored serologically at weekly intervals using the IFA test. Two or more consecutive IFA-positive results from weekly blood samples of the same pig were considered indicative of infective PRRSV in the semen. Semen samples from all 4 boars were selected for swine bioassay analysis. These samples included 94X27, 21 DPI; 94X28, 56 DPI; 94X67, 23 DPI; and 94X68, 42 DPI, 67 DPI, 84 DPI, and 92 DPI.
PCR assay for semen, serum, and tissues. PCR reactions were initially performed on whole semen samples. After determining that PRRSV RNA was most consistently identified in the cell fraction 5 those samples that were previously negative on whole semen samples were reevaluated using the cell fraction. The PCR assay was performed on an undiluted and a 1:20 dilution of the cell fraction in lysis buffer.
Fresh semen (15 ml) was separated into cell and seminal plasma fractions by centrifugation at 600 x g for 20 min. 7 Ten milliliters of seminal plasma was removed and frozen at -70 C. The remaining seminal plasma was removed from the cell fraction and discarded. The cell fraction was then washed once with phosphate-buffered saline (pH 7) and frozen at -70 C. Viral RNA in semen and serum samples were extracted using a method similar to a method already described. 4 Tissue samples were homogenized in Hank's balanced salt solution. Five hundred microliters of serum, whole semen, or tissue homogenate was added to an equal volume of lysis buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate [pH 7], 0.5% sarkosyl, 0.1 M 2-mercaptoethanol). When only the cell fraction of semen was used for PCR, the same lysis buffer without 2-mercaptoethanol was used. 5 Five hundred microliters of lysed semen or cells was then added to an equal volume of phenol chloroform-isoamyl alcohol (24:1), vortexed, and centrifuged at 10,000 x g for 5 min.
Extraction with phenol chloroform-isoamyl alcohol was repeated and the upper phase transferred to 500 µl chloroformisoamyl alcohol and centrifuged. One-third volume of 2 M sodium acetate (pH 4) and 2 volumes of cold 95% EtOH were added to the sample and then frozen at -70 C for 1 hr. The sample was centrifuged for 30 min at 16,000 x g, washed twice in 70% EtOH, and resuspended in 30 µl distilled water. a Outer and nested primers were derived from ORF 7 of the PRRSV genome (VR-2332). The outer sense and anti-sense primers were (5'-TCGTGTTGGGTGGCAGAAAAGC-3') nucleotides 2763-2785 and (5'-GCCATTCACCACA-CATTCTTCC-3') nucleotides 3247-3225, respectively. The nested sense and anti-sense primers were (5'-CCA-GATGCTGGGTAAGATCATC-3') nucleotides 2885-2907 and (5'-CAGTGTAACTTATCCTCCTGA-3') nucleotides 3121-3099, respectively.
A commercially available PCR system b was utilized for reverse transcriptase and outer and nested PCR reactions. Forty and thirty cycles were utilized for outer and nested reactions, respectively. Denaturing, annealing, and extension temperatures and times were 95 C for 25 sec, 58 C for 5 sec, and 74 C for 25 sec, respectively. A 484-bp outer and 236. bp nested product were visualized on a 1% agarose gel c containing 0.5 µg ethidium bromide/ml agarose. The gel was then photographed under ultraviolet (UV) illumination. This PCR assay could detect as few as 10 virions (1 log virus)/ ml. 5 Boar 94X68. On arrival Boar 94X68 was noted to have subcutaneous abscesses prior to experimental PRRSV inoculation. As a result, a bacterial culture and complete blood count (CBC) were submitted to the diagnostic laboratory for evaluation. This boar was euthanized at 101 DPI. Virus isolation and PCR were then performed on 22 tissues which included brain, spleen, tonsil, lung, kidney, liver, heart, thymus, bone marrow, diaphragm, muscle (semimembranous, longissimus dorsi), lymph nodes (inguinal, thoracic, abdominal), ductus deferens, bulbourethral gland, vesicular gland, prostate, epididymis, testicle, and penis.
Shippingstress and reinoculation experiments. After shedding of the PRRSV RNA in semen had ceased for over 6 wk (106 DPI), 2 of the boars (94X27, 94X28) were stressed by being transported in a trailer for 4 hr. Serum cortisol values were obtained before and immediately after transportation. One additional boar (94X67) served as a nonstressed control and was not transported. Serum cortisol levels (as an indicator of stress) 11 were obtained from all 3 boars at the same time of day, both before and after the 4 hr shipping. Semen and serum were collected from all 3 boars as previously described on days 2, 6, and 9 poststress.
Two weeks after shipping (127 DPI), when it was determined that the shipping stress did not induce shedding in semen or viremia, all 3 boars (94X27, 94X28, 94X67) were reinoculated with PRRSV. The same virus isolate, lot, concentration, and route were used as on initial exposure. Serum and semen were then collected at 1, 3, 6, 8, 10, and 14 DPI.
Results
PRRSV RNA was initially detected in the semen of all experimentally infected boars starting at 3-7 DPI, * + VI indicates detection of PRRSV antigen following serum inoculation on MARC-145 cells suggesting infectious virus. and each boar shed the virus in semen for variable periods of time (Tables 1, 2) . Only Boar 94X68 appeared to continually shed PRRSV RNA in semen from 5 through 92 DPI (semen could not be collected from this boar on 3, 7, 38, and 80 DPI) (Tables 1, 2) . The 3 other boars shed viral RNA intermittently for 25 or 56 DPI (Tables 1, 2) . In 19 of 55 (34%) PCRpositive semen samples, PRRSV RNA was identified in the cell fraction and not in whole semen ( Table 2) . Out of tested semen samples, two were positive for both viral RNA by PCR and infectious virus by the swine bioassay and were from Boar 94X68 at 42 and 67 DPI.
The PRRSV RNA was detected in semen 2-8 and 28-35 days prior to the appearance of antibodies as detected by IFA and VN, respectively (Table 1 ). Indirect fluorescent antibody and VN titers persisted for the remainder of the study (Fig. 1A-1D ). PRRSV RNA was detected in serum from 1 to 31 DPI and was observed 2-6 days prior to the appearance of PRRSV RNA in semen. In 2 of 4 boars, detection of PRRSV RNA in serum ended 31-61 days prior to the disappearance of viral RNA in semen (Table 1 ). Viremia as detected by VI was even more transient and only occurred from 1 to 9 DPI (Table 1) .
Clinical signs in these boars were mild and typical of PRRSV infection in adult boars. 18, 26 Inappetence was noted in Boar 94X27 on 4, 7, and 9 DPI, along with mild coughing on 12 and 15 DPI from Boars 94X68 and 94X28, respectively. Rectal temperatures were recorded for 2 weeks after initial inoculation and were variable during that time. The highest recorded temperatures for each pig during these 2 weeks were 40.4 C for 94X28 (3 DPI), 41.0 C for 94X68 (5 DPI), 39.3 C for 94X67 (5 DPI) and 40.1 C for 94X27 (9 DPI). Actinomycespyogenes was isolated from the subcutaneous abscesses of Boar 94X68. The CBC from this same boar revealed a neutrophilia (67%) and lymphopenia (2 1%) with absolute counts of 9,179 and 2,877 x 10 3 /mm 3 respectively (normal = 15.1%-59.5%, 1,900-10,100 absolute neutrophil count and 25.5%-71.1%, 3,700-14,700 absolute lymphocyte count). 6 This boar was euthanized at 101 DPI and PRRSV was identified in the bulbourethral gland by VI only. All other tissues were negative for PRRSV or viral RNA by VI and PCR respectively.
When boars had not shed PRRSV RNA in semen in over 6 weeks, 2 boars were transported for 4 hours to determine whether stress from shipping might cause a recurrence of viremia or PRRSV RNA shedding in semen. The boars that were shipped had elevated serum cortisol levels after transport (1.4 and 3 times their baseline cortisol level). Pre-and postshipping serum cortisol levels were 3.1 mcg/dl and 10.2 mcg/dl for Boar 94X27 and 7.2 mcg/d1 and 9.8 mcg/dl for Boar 94X28, respectively. The 1 boar that was not shipped (94X67) had a decreased cortisol level from baseline (3.6 mcg/dl preshipping vs. 1.7 mcg/dl postshipping). No viremia or PRRSV RNA shedding in semen occurred in any of the boars for 2 weeks after transporting. Likewise, reinoculation with homologous PRRSV did not produce either viremia or PRRSV RNA shedding in semen.
Discussion
In our study, it was determined that all experimentally infected boars shed PRRSV RNA in semen after intranasal inoculation. The duration of shedding by individual boars was variable and in some cases continual and/or persistent. Serology and the duration of viremia were not reliable indicators of whether boars shed PRRSV or PRRSV RNA in semen, whereas PCR directly detected viral RNA in semen. It was also found that stress, in the form of shipping, or reinoculation with homologous virus did not cause a recurrence of viremia or PRRSV RNA shedding in semen.
The duration of PRRSV RNA shedding in semen, as detected by PCR, was quite variable among boars (from 25 to 92 DPI). A similar finding was reported in which PRRSV was detected in 4 experimentally inoculated boars for 13, 25, 27, and 43 DPI using a swine bioassay. 18 When PCR was used on these same semen samples, PRRSV RNA was detected for 13, 25, 35, and 47 DPI. 5 The reason for differences in the duration of shedding between boars is unknown. However, in our study, the boar that shed for the longest duration had a concurrent bacterial infection, along with neutrophilia and lymphopenia, which may be contributing factors. Since it has been shown that PRRSV RNA appears most consistently in the cell fraction of the semen and not whole semen or seminal plasma, 5 the virus may be carried in nonsperm cells such as granulocytes and/or mononuclear cells. It has been reported that virus dissemination might take place via infected monocytes and macrophages. 23 Further studies are needed to determine if these cells are present in semen containing PRRSV. A current investigation as to whether the PRRSV is adsorbed to the surface of sperm cells or is actually carried in nonsperm or sperm cells is being conducted.
Because PRRSV was detected in semen for longer periods of time than has been previously reported, an important consideration was whether the viral genome detected by the PCR assay was indicative of infectious virus. The PCR assay detects a portion of the viral genome 22 but does not indicate whether the virus itself is infectious. Therefore, the swine bioassay was used on selected semen samples. In this study, only 2 of 7 semen samples were positive for both viral RNA by PCR and infectious virus by the swine bioassay. How-ever, most of these samples were purposely selected from the latest times postinoculation (21-92 DPI). Good correlation between PCR and the swine bioassay has been previously shown. 5 In that study, identical results between the 2 assays were obtained in 63 of 67 (94%) semen samples. 5 Most likely, infectious virus was not present in semen samples which were negative by the swine bioassay and positive by PCR. However, limitations could have existed in eliciting seroconversion, resulting in false negative results using the swine bioassay. Nucleic acid detection assays such as PCR are rapid, sensitive, cost effective, and able to detect viral RNA in the absence of immunoreactive antigens. 25 Also since there are many factors in body fluids which can degrade nucleic acids, 25 if viral RNA is detected by PCR, these semen samples should be considered highly suspect for the presence of the virus itself. The important practical question regarding PCRpositive semen samples, however, is whether they are infectious when used for artificial insemination. One study 26 demonstrated infection in gilts infused with unextended semen from a PRRSV-infected boar. However, in another study, 19 no infection was observed when extended semen from a PRRSV-infected boar was used to artificially inseminate gilts, even though this semen tested positive for PRRSV by the swine bioassay. Extended vs. unextended semen, route of entry, and dose of the virus may be important factors when using PRRSV-infected semen 21 and are worthy of further investigation. PCR will be an important tool in these studies.
The longest reported time period of infectious PRRSV shedding in semen as detected by the swine bioassay was 67 DPI. However, PRRSV was detected by VI in the bulbourethral gland of Boar 94X68 at 101 DPI. This finding suggests that infectious PRRSV may be shed in semen from this accessory sex gland. The reproductive tract could therefore be a possible source of persistent virus. It is possible that intermittent persistent shedding of PRRSV may have occurred for longer than 101 DPI if Boar 94X68 had not been euthanized. Carrier stallions 3,20 are known to persistently shed another arterivirus, equine arteritis virus (EAV), in semen for at least 1-2 years. Whether this prolonged carrier state occurs in boars infected with PRRSV is unknown. The experimental design of our study was not to determine which tissue PRRSV was replicating in, particularly in regard to reproductive tissues. Boar 94X68 was euthanized at 101 DPI primarily because of poor physical condition. However, further studies are being designed to determine the source of PRRSV found in semen. PRRSV RNA was not detected by PCR from the bulbourethral gland, which may have been due to inhibitors in the sample. This tissue produced a gelatinous substance, which was difficult to remove when the PCR lysis buffer was added for RNA extraction, possibly preventing the RNA from being extracted.
Even though neutralizing antibodies were first detected at 35 or 38 DPI, 2 of the boars appeared to shed PRRSV RNA in semen after this time period. Therefore, a correlation between the antibody response to PRRSV and prevention of PRRSV RNA shedding in semen was not apparent. The boar that shed for the longest period of time (94X68) had a lymphopenia, yet still maintained a neutralizing antibody titer. This may indicate that cell-mediated immunity could have been impaired and prevented virus clearance. Further studies are needed to determine the immune status of boars that are shedding PRRSV in semen.
Neither detection of PRRSV or PRRSV RNA in serum nor serology (IFA and VN) correlated with PRRSV RNA shedding in semen. Viremia, as measured by VI, was of short duration in all boars and ended before PRRSV RNA shedding in semen ceased. PRRSV RNA in serum was detected for a longer period of time, but in 3 of 4 boars it also ended before viral RNA shedding in semen ceased. Therefore, there may be another site of viral replication other than the vascular system that could be the source of PRRSV found in the semen. Indirect fluorescent antibody titers are currently used by boar semen supply companies to determine whether boars may be potential shedders of PRRSV. However, this study found that IFA and VN titers could be negative during acute infections when viral RNA is shed in semen or positive when no viral RNA was being shed in the semen. Therefore, performing PCR assays on semen samples is a more accurate method of determining whether PRRSV RNA is found in the semen at a given time.
Pigs exposed to many environmental stressors have been shown to have increased disease susceptibility and impaired immune function. 11 Also, pigs that recover from acute infections, such as pseudorabies virus, may become latent carriers and convert to active shedders following stress such as transport or farrowing. 1 Since the boars in our study had not shed PRRSV RNA in semen for over 6 weeks, we wanted to determine whether a natural stressor, such as shipping, might cause a recurrence of PRRSV RNA shedding in semen. Stress responses in pigs have been indicated by an increase in plasma cortisol concentrations, 11 and we observed such an increase in boars that were transported. No recurrence of PRRSV RNA shedding in semen or viremia was observed after shipping. Also, boars did not shed viral RNA in semen after reinoculation with the homologous isolate of PRRSV. These preliminary findings indicate that previous exposure to PRRSV may prevent subsequent infection and appear to lend credibility toward development of a PRRSV vaccine for use in boars. Other stressors should be utilized in subsequent studies along with a larger number of boars to confirm these findings.
